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Electron transfer kineticsET) from bare spectrographic graphite (SPGE) or 3-mercaptopropionic acid-
modiﬁed gold (MPA-gold) electrodes to Trachyderma tsunodae bilirubin oxidase (BOD) was studied under
anaerobic and aerobic conditions by cyclic voltammetry and chronoamperometry. On cyclic voltammograms
nonturnover Faradaic signals with midpoint potentials of about 700 mV and 400 mV were clearly observed
corresponding to redox transformations of the T1 site and the T2/T3 cluster of the enzyme, respectively. The
immobilized BOD was differently oriented on the two electrodes and its catalysis of O2-electroreduction was
also massively different. On SPGE, where most of the enzyme was oriented with the T1 copper site proximal
to the carbon with a quite slow ET process, well-pronounced DET-bioelectroreduction of O2 was observed,
starting already at N700 mV vs. NHE. In contrast, on MPA-gold most of the enzyme was oriented with its T2/
T3 copper cluster proximal to the metal. Indeed, there was little DET-based catalysis of O2-electroreduction,
even though the ET between the MPA-gold and the T2/T3 copper cluster of BOD was similar to that observed
for the T1 site at SPGE. When BOD actively catalyzes the O2-electroreduction, the redox potential of its T1 site
is 690 mV vs. NHE and that of one of its T2/T3 copper centers is 390 mV vs. NHE. The redox potential of the
T2/T3 copper cluster of a resting form of BOD is suggested to be about 360 mV vs. NHE. These values,
combined with the observed biocatalytic behavior, strongly suggest an uphill intra-molecular electron
transfer from the T1 site to the T2/T3 cluster during the catalytic turnover of the enzyme.
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Bilirubin oxidase (bilirubin:oxygen oxidoreductase, EC 1.3.3.5) is a
multicopper oxidase catalyzing the oxidation of bilirubin to biliverdin,
as well as the oxidation of other tetrapyrroles, diphenols and aryl
diamines with the concomitant reduction of molecular O2 to H2O [1].
Although the crystal structure of BOD is unknown, the structures of its
two catalytic centers are well understood from biochemical, spectral
and kinetic investigations of the wild-type and of mutated forms of
the enzymes [2–8]. The two centers, one binding and oxidizing the
organic substrate, the other binding and reducing O2, comprise four
copper ions. In analogy with other blue multicopper oxidases such as
laccase and ascorbate oxidase, the organic substrate binding center
comprises one copper ion and is denoted T1; the O2-binding center
comprises a cluster of three copper centers denoted T2 and T3 [7,9–
11]. The T2/T3 copper cluster is one of the few sites encountered in
nature, which effectively catalyzes the four-electron reduction of O2 to
H2O [12,13]. The T1 Cu2+-center accepts electrons not only from the
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as redox mediators in homogeneous catalysis, or electrodes poised at
sufﬁciently reducing potentials in electrocatalysis. The accepted
electrons are transferred to the T2/T3 copper cluster, where they
reduce O2 [10]. Interestingly and signiﬁcantly, when BOD or laccase
are embedded (“wired”) in an electron-conducting redox hydrogel,
where electron donors envelope the enzyme such that electrons ﬂow
to their T1 centers irrespective of orientation, the copper-enzymes are
greatly superior to platinum as electrocatalysts of the four-electron
reduction of O2 to H2O [14]. Here we illuminate some aspects of the
mechanism of this unique electrocatalytic process.
Electrodes poised at sufﬁciently reducing potentials transfer
electrons directly to fungal BODs from Myrothecium verrucaria and
Trachyderma tsunodae [15–17]. Even though M. verrucaria BOD is
readily O2-oxidized when adsorbed on graphite, electron transfer (ET)
from graphite to the adsorbed BOD is observed only at 515mV vs. NHE
at pH 7.4, about 0.25 V more negative than the reversible potential of
the O2/H2O redox couple at a low current density [15]. Spectro-
electrochemical measurements show that this potential is far from the
redox potential of the T1 site (ET1), which is near 670 mV vs. NHE at
pH 7.0 [17]. In contrast, M. verrucaria BOD adsorbed on carbon
nanotubes is electroreduced already at 685 mV at pH 7.4 [18], but the
reduced Cu2+ centers were believed to be those of the T2/T3 cluster,
not the T1 site. On gold, very slow DET was observed [17]. Here we
report DET results for T. tsunodae BOD adsorbed on graphite and on
modiﬁed gold electrodes. Cyclic voltammograms (CV) exhibit clearly
visible nonturnover waves with midpoint potentials (Em) of about
700 mV and 400 mV, corresponding to redox transformations of the
T1 site and the T2/T3 cluster, respectively. This is the ﬁrst report on
well-pronounced nonturnover signals of electron accepting and
oxygen reducing sites of a blue multicopper oxidase coinciding with
corresponding catalytic waves of O2 bioelectroreduction. Importantly,
our data strongly suggest an uphill intra-molecular electron transfer
from the T1 site to the T2/T3 cluster during the catalytic turnover of
the enzyme.
2. Experimental section
2.1. Reagents
Na2HPO4, KH2PO4, KCl, NaCl, H2O2, H2SO4, and NaF were obtained
from Merck (Darmstadt, Germany). Citric acid, 2,2′-azinobis-(3-
ethylbenzthiazoline-6-sulfonate) (ABTS), and N-(3-dimethylamino-
propyl)-N′-ethylcarbodiimide hydrochloride (EDC) were from Sigma
(St. Louis, MO, USA).N-hydroxysuccinimide (NHS), 4-aminothiophenol
(AMTP), and 6-mercapto-1-hexanol (MHOL) were from Aldrich (St.
Louis, MO, USA). 3-Mercaptopropionic acid (MPA) and NaIO4 were
purchased from Janssen Chimica (Geel, Belgium). Absolute ethanol
(99.7%) was from Solveco Chemicals AB (Täby, Sweden). 1-Decanethiol
(DT) and K3[Fe(CN)6] were from Fluka (Buchs, Switzerland). All
chemicals were of analytical grade. Buffers were prepared with water
(18 MΩ) puriﬁed with a Milli-Q system (Millipore, Milford, CT, USA).
Anaerobic and aerobic conditions were established using nitrogen
(N2) or oxygen (O2) gases from AGAGas AB (Sundbyberg, Sweden) that
were bubbled through the working solutions.
2.2. Enzymes
BOD from Trachyderma tsunodae was from Amano Enzyme, Inc.
(Elgin, IL, USA). Preparations of BOD were stored at −18 °C. The
concentration of BOD in the stock solution was determined by the
established method of Ehresmann [19]. The turnover number of BOD
towards K3[Fe(CN)6] was determined spectrophotometrically using an
Uvikon 930 spectrophotometer (Kontron Instruments, Everett, MA,
USA) and was found to be 380 s−1, in good agreement with a
previously reported value for a wild-type M. verrucaria BOD [6].2.3. Electrochemical measurements
Electrochemical measurements were performed using a three
electrode potentiostat (CV-50W, Bioanalytical Systems, BAS, West
Lafayette, IN, USA). The reference electrode was a Hg|Hg2Cl2|KClsat
electrode K401 (SCE, 242 mV vs. NHE) from Radiometer (Copenhagen,
Denmark) and the counter electrode was a platinum wire. The
supporting electrolyte consisted of a 0.1 M phosphate buffer solution
at pH 7.0.
2.3.1. Roughness factor and cleaning of the working electrodes
The gold working electrode, model MF-2014, was purchased from
BAS; its geometrical area was 0.02 cm2. Its microscopic roughness
factor was calculated from the charge (qreal) associated with the gold
oxide reduction process, obtained when running a CV from 0 to
1900 mV in 0.5 M H2SO4. The theoretical charge density (σt)
associated with the reduction of the gold oxide is 390±10 μC cm−2
[20]. The microscopic area was obtained using the ratio of the
measured charge of gold oxide electroreduction, qreal, and the
calculated theoretical charge for the 0.2 cm2 electrode if it were
smooth, σt (Areal=qreal /σt). The microscopic roughness factor was thus
estimated to be 1.4±0.1.
The gold electrode was pre-cleaned by CV scans at a 100 mV/s,
between −60 and −1360 mV vs. NHE in 0.5 M NaOH, then polished
with a DP-suspension (high performance diamond product) and an
alumina de-agglomerated polishing suspension (1 μm and 0.1 μm,
Struers, Copenhagen, Denmark), rinsed with Millipore H2O, and
sonicated in after each polishing step for 10 min. The electrode was
then cleaned by a series of CV scans at a 100 mV/s scan rate between
−60 and+1790 mV vs. NHE in 0.5 M H2SO4 and kept in concentrated
(96%) H2SO4 till use. Immediately before its use it was rinsed
thoroughly with H2O.
The spectrographic graphite electrode (SPGE, Ringsdorff Werke
GmbH, Bonn, Germany, type RW001, 3.05 mm diameter, 13%
porosity) was polished with wet ﬁne emery paper (Tufback Durite,
P1200), rinsed thoroughly with H2O and allowed to dry. The
adsorptive roughness factor of such an electrode was estimated to
be about 5 [21].
2.3.2. Thiol self-assembled monolayers and BOD deposition on gold
The procedures for physical adsorption of BOD on gold, and for
covalent binding of BOD to AMTP modiﬁed gold electrodes were
reported earlier [22]. To form DTandMHOL SAMs, the electrodes were
respectively immersed in 1 mM (20:80, v:v, H2O:ethanol) or a 5 mM
(absolute ethanol) solution of DT or MHOL, and the monolayers were
allowed to assemble overnight at room temperature. To adsorb BOD
on bare or modiﬁed gold surfaces, the electrode was mounted with its
surface facing up, an aliquot of 5 μl of the BOD solution (10mg/ml) was
placed on it, and was allowed to react for 3 h, while every 20 min 5 μl
of H2O were added to avoid complete drying of the BOD solution.
To form the MPA monolayer, the gold electrode was placed in a
5 mM solution (25:75, v:v, H2O:ethanol) of MPA overnight. To
immobilize on it the BOD the procedure of Rüdiger et al. [23] applied
earlier for the immobilization of Desulfovibrio gigas hydrogenase, was
used. The electrodewas placedwith its surface facing up and 6 μl of ca.
25 μM of the BOD solution in 10 mM phosphate buffer pH 7.0 was
added. Then 4.5 μl of 18 mM NHS and 5.5 μl of 36 mM EDC were also
added. After about 90 min the electrode was washed in pH 7.0, 0.1 M
phosphate buffer and was promptly used.
2.3.3. Adsorption of BOD on graphite electrodes
A volume of 10 μl of BOD solution (2.5 mg/ml) was placed on the
electrode surface, allowed to adsorb, and after 15 min the SPGE was
rinsed with H2O.
The current densities and enzyme surface concentrations were
estimated using the real area of the electrodes, calculated by
Fig. 1. (A) Cyclic voltammogram of BOD adsorbed on SPGE in the absence of O2. pH 7.0,
0.1 M phosphate buffer; 100mV s−1 scan rate; 1000mV starting-scan potential. Curve 1,
uncorrected for the background current; Curve 2, circles, background current
subtracted. The broken line curve represents the calculated theoretical voltammograms.
(B) Effect of the scan rate on the background-corrected voltammograms under O2. Curve
1, 10 mV s−1; Curve 2, 100 mV s−1.
Fig. 2. Cyclic voltammograms of SPGE covered with a perm selective membrane under
1 atm O2. Curve 1, before BOD adsorption; Curve 2, after adsorbing the Trachyderma
tsunodae BOD. pH 7.0, 0.1 M phosphate buffer; scan rate 10 mV s−1; starting-scan
potential 1000 mV; second scan.
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3. Results
3.1. Electrochemistry of BOD adsorbed on graphite
In the absence of O2, two redox processes were observed in the raw
CVs of T. tsunodae BOD on SPGE (Fig. 1A); and after subtracting the
background current (Fig. 1A, curve 2) their voltammetric waves were
symmetrical and well-deﬁned. One wave had an Em of 690 mV and a
peak separation (ΔEp) of 155 mV; another had an Em of 390 mV and a
ΔEp of 73 mV. Calculation of the surface concentration of electroactive
species (Γ) from the charge associated with the waves and the area of
the electrodes provided a coverage of 8.3 pmol cm−2 for the ﬁrst and of
5.2 pmol cm−2 for the second, assuming an exchange of one electron
per electroactive molecule. The waves ﬁt those expected from the
Marcus-DOS theory of ET [24]. The ﬁtting was computed assuming
reorganization energy (λ) values within the 0.4–0.8 eV range, as
reported for small blue redox proteins containing one T1 site, such as
azurin [25] and plastocyanine [26]. The calculated DET standard rate
constant (k0) values were 0.4 s−1 and 1.3 s−1 for the Em=690 mV and
Em=390 mV redox processes, respectively. These values are indepen-
dent of λ, within the above indicated range, whereas the cathodic rateconstant (kDET) value at 200 mV (the cathodic limit of the useful
electrocatalytic potential range) strongly depends on λ, and, for the
Em=690 mV, it takes values up to 74 s−1 and 437 s−1 for λ of 0.4 and
0.8 eV, respectively, i.e. in the order of 100 s−1.
While O2 was not electroreduced on bare SPGE even at a potential
as reducing as 100 mV, it was catalytically reduced on T. tsunodae
BOD-modiﬁed SPGE, resembling in this respect M. verrucaria BOD-
modiﬁed SPGE [15]. The catalytic wave (Fig 1B) started already at
N700 mV (Fig. 1B). Moreover, the Em of the ﬁrst voltammetric wave
observed in the absence of O2 (Fig. 1A) and the mid-wave potential of
the CV under O2 coincide well and they are close to 690 mV (Fig. 2).
The potentials depended quite weakly on the O2 partial pressure, as
expected for a 4-electron reduction process. The maximum bioelec-
trocatalytic current density (jmaxcat ) of O2 electroreduction at the BOD-
modiﬁed SPGEwas ∼40 μA cm−2 (Fig. 1B) based on the true area of the
electrode, i.e. the geometrical area of 0.073 cm2 multiplied by the
roughness factor of 5 [15,21]. The engineering current density was
therefore 200 μA cm−2. The BOD-SPGE CVs under O2 were indepen-
dent of the scan rate between 10 and 100 mV s−1 in the 730–600 mV
potential range, but did depend on the scan rate at more negative
potential values (Fig. 1B).
The presence of K3[Fe(CN)6] or ABTS did not signiﬁcantly affect the
O2-electroreduction current. When 10 mM F−, a known inhibitor of
BOD [4], was added the true O2-electroreduction current density,
observed at 275 mV and 10mV s−1 scan rate, decreased by 17 μA cm−2.
3.2. Electrochemistry of BOD on gold
Attempts to adsorb BOD on bare gold electrode and gold modiﬁed
with thiol monolayers providing hydrophobic, neutral hydrophilic or
cationic-hydrophilic surfaces failed. This was the case when the gold
surface was modiﬁed with monolayers of decanethiol; 6-mercapto-1-
hexanol or 4-aminothiophenol. Covalent binding of BOD to the anionic-
hydrophilic gold surface, by forming amides of chemisorbed 3-
mercaptopropionic acid (MPA) and BOD-amines was, however, success-
ful. Fig. 3A shows the CVs of anMPA-gold electrode before (curve 1) and
after (curve 2) covalent linking of BOD in the absence of O2. A broad
single redox process was observed, with an Em of 360 mV, and a 56 mV
peak separation. The area under the anodic peak was somewhat bigger
than the area under its cathodic counterpart, giving an average BOD
surface concentration of 10 pmol cm−2, by assuming a one-electron
transfer process. The voltammetric wave was also ﬁtted using the
Marcus-DOS theory of ETwith λ values within the 0.4–0.8 eV range. The
dash–dotted voltammogram in Fig. 3A was computed by assuming a
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value within the above indicated range. Moreover, addition of F− had
very little inﬂuence on thevoltammetricwave under both anaerobic and
aerobic conditions.
Chronoamperometry under N2 of the MPA-modiﬁed gold and the
BOD-MPA-modiﬁed gold (inset in Fig. 3A), with the electrodes poised
at +500 mV, showed a minute reduction current attributed, in all
likelihood, to the residual O2. The current density increased ﬁve-fold
to 0.33 μA cm−2 when O2 was bubbled through the solution and
dropped to the initial small value when N2 was bubbled again. After
addition of F− to a ﬁnal concentration of 10 mM, the O2-
electroreduction current density was observed to decrease from
0.33 to 0.22 μA cm−2 (inset in Fig. 3A). Added K3[Fe(CN)6] allowed
mediated electron transport from the gold electrode to the BOD
irrespective of its orientation and electronic coupling to the gold
surface (Fig. 3B). An increase in the peak-height of the voltammetric
wave when O2 was bubbled (curve 2) instead of N2 (curve 1) indicated
that the BOD retained its catalytic activity in the presence of the K3[Fe
(CN)6]/K4[Fe(CN)6] couple at the electrode surface. When 10 mM F−Fig. 3. BOD adsorbed on MPA-modiﬁed gold electrodes in pH 7.0, 0.1 M phosphate
buffer. (A) Cyclic voltammograms in the absence of O2without (curve 1) andwith (curve
2) adsorbed BOD. The dash–dotted line (curve 3) represents the calculated theoretical
voltammogram using the Marcus-DOS theory of ET and the parameter values indicated
in the text. Scan rate, 10 mV s−1; starting-scan potential 650 mV. Inset: Chronoampero-
metric response at +500 mV. O2 or N2 were bubbled and F− was added at the indicated
times. (B) Linear scan voltammograms of BOD-MPA-modiﬁed gold electrodes in the
presence of 2 mM K3[Fe(CN)6]. The voltammograms were recorded in: N2 saturated
buffer (curve 1); O2 saturated buffer (curve 2); and O2 saturated buffer containing
10 mM F− (curve 3). Scan rate, 1 mV s−1; starting-scan potential, 650 mV.was added, the K3[Fe(CN)6]/K4[Fe(CN)6] current enhancement was
drastically reduced at potentials more negative than 400 mV (Fig. 3B).
The difference in the mediated bioelectrocatalytic current densities
(Δjcat(+F−)) for O2-reduction in the presence and absence of F−, at
275 mV and a scan rate of 10 mVs−1, averaged 14 μA cm−2, e.g. very
close to the value obtained for BOD-modiﬁed SPGE (17 μA cm−2). It
should also be noted that O2 was electroreduced to H2O2 on thiol-
modiﬁed gold electrodes at potentials more negative than 200 mV
(Fig. 3B) [22].
4. Discussion
BOD and other blue multicopper oxidases, unlike peroxidase and
nitric-oxide synthase, reduce O2 without producing reactive inter-
mediates like H2O2 or O2·−. The reversible potential of the O2/H2O half-
cell under physiological conditions (pH 7.4, 37 °C, air) is about 770mV.
Understanding of the electrochemical mechanism of BOD-catalyzed
reduction of O2 to H2O requires knowledge of the redox potential of
the electron-feeding T1 copper center (ET1) and of the potentials of the
O2-binding T2/T3 copper cluster (ET2/T3).
The proposed mechanism for DET-based O2-electroreduction
catalyzed by the O2-reducing multicopper oxidases, such as fungal
laccases [27], BOD [15], ascorbate oxidase [28] and tree laccase [29] on
carbon electrodes [10,30], is shown in the scheme of Fig. 4. Brieﬂy, the
distance between the electrode-contacting enzyme surface and the T1
site at its closest approach is less than 10 Å [31,32], short enough for
electrons to be transferred from the electrode to the T1 site (Fig. 4A),
but only when the enzyme is uniquely oriented [33]. The electron is
then intra-molecularly transferred by a Cys-2His pathway, shown as a
broken trace in Fig. 4, to the T2/T3 cluster, across a distance of ~13 Å
[1], where it reduces the copper-cluster-bound O2. We saw the
previously reported [10,15,27] direct electroreduction of O2 on
graphite. We also observed the absence of direct O2 electroreduction
on MPA-gold electrodes, which transfer electrons to the T2/T3 cluster,
not to the T1 site because of the unique orientation of the BOD, as was
previously conﬁrmed for fungal laccases [22,34,35]. Most likely, such
was the case also for BOD and bare gold, where in absence of covalent
bonding of BOD to the electrode, the signal was just above the noise
level.[ [17]. Nevertheless, the observed fast DET to the T2/T3 cluster of
BOD fromMPA-gold did not provide for electrocatalytic O2-reduction.
Even though the coverage of the MPA-gold surface with electroactive
BOD was as large as 7 pmol cm−2, and even though the MPA-gold
bound BOD was active in Fe(CN)63−/4−mediated ET with similar
inhibition as for BOD-modiﬁed SPGE in DET mode, only a minute
catalytic O2-reduction current was observed in the absence of the
mediator. Notably, also laccases directly adsorbed on gold or
covalently immobilized on SAM-gold, fail to catalyze O2 electroreduc-
tion [10,22,34,35].
The T1 electron-relaying site, which contains only one copper
cation, can only have a single redox potential, ET1, which is
measurable by potentiometric redox titration under anaerobic
conditions. Indeed, the redox potentials of the T1 site (ET1) of M.
verrucaria and T. tsunodae BODs measured by redox couple mediated
potentiometric titrations, were of ca. 670 mV and N650 mV [17]. The
CV of Fig. 1A of T. tsunodae BOD-SPGE shows, under anaerobic
conditions, an Em of 690 mV, attributed, in light of the earlier studies,
to the T1 site. The O2-electroreduction half-wave potential of T. tsu-
nodae BOD on SPGE has exactly the same value, 690 mV (Fig. 1).
Moreover, the 670 mV ET1 potential for M. verrucaria BOD, measured
by redox couple mediated potentiometric titration, is consistent with
the 685 mV voltammetric wave of M. verrucaria BOD-modiﬁed
carbon nanotubes, on which O2 is electroreduced [18]. The Em
potential for O2 electroreduction and the ET1 redox potential have
closely similar values not only for BODs [15] but also for other
multicopper oxidases like ascorbate oxidase, fungal and plant laccases
[10,27,29], establishing that the feeding of electrons through the T1
Fig. 4. Proposed mechanisms of DET from electrodes to BOD connected (A) via the T1 site and (B) via the T2/T3 cluster.
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their homogeneous catalysis of O2-reduction.
Prior to this work, one of the redox potentials of the BOD T2/T3
cluster has been estimated [17], but not actually measured. The earlier
attempted measurement of ET2/T3 of BOD by potentiometric titration
could not provide potentials of the electrochemical states of the
catalytic cycle. Several different redox potentials are expected for the
structurally different T2/T3 cluster intermediates, i.e. its native and
peroxy intermediates [1,12], its fully reduced BOD (FR) [17], and its
resting form [36]. For laccase molecules, uniquely oriented for DET on
electrode surfaces, the voltammetrically observed ET2/T3 is about
400 mV at pH 6.5 [22,34,35]. In this study, Em values of 390 mV and
360 mV are respectively observed for T. tsunodae BOD on SPGE (Fig.
1A) and on MPA-gold (Fig. 3A).
One of the possible explanations for the observed efﬁcient
mediated, but not DET, electrocatalysis of O2-electroreduction by
BOD on MPA-gold, is the formation of a catalytically inactive resting
form of the enzyme during DET from gold directly to the T2/T3
copper cluster. The redox couple mediated O2-electroreduction
catalyzing enzyme was normally inhibited by F−, just like the BOD
on graphite that did catalyze the direct electroreduction of O2. When
the BOD was oriented for proximity of the T2/T3 cluster to the MPA-
gold, which made it non-catalytic in DET mode, the ET rate was as
fast as the ET between the T1 copper site proximal to graphite (k0 are
0.3 and 0.4 s−1, respectively) in the enzyme catalyzing direct O2-
electroreduction (Fig. 1B).
The observed ET2/T3-potential of 360–390 mV values of BOD (Fig.
1A) implies uphill IET from the 690 mV (ET1), over an 300 mV barrier
between the T1 site and the T2/T3 cluster, at least for one intermediate
of the enzyme in the catalytic turnover. It is certainly possible for the
resting catalytically irrelevant form of BOD [36], which might have a
very slow intra-molecular electron transfer rate, in analogy with
resting forms of laccases [12,37,38]. It has indeed been suggested for
laccases that the potential of the native intermediate T2/T3 cluster is
higher than that of the resting enzyme; the native intermediate T2/T3
cluster slowly decaying to themore stable resting T2/T3 resting cluster
[37]. We consider it nevertheless likely that there is an uphill and
catalytically relevant ET step in the electroreduction of O2: as seen in
Fig. 1B a sigmoidal wave (marked with an arrow) appears in the
voltammogramsmeasured in the O2-saturated solution at 390mV, the
potential of the ET2/T3 cluster of T. tsunodae BOD (Fig. 1). Participationof the T2/T3 cluster in O2 bioelectroreduction could be detectable only
under conditions, where substrate turnover is limited by the rate of
the supply of electrons and should become effective as the applied
potential approaches its formal potential, ET2/T3. Indeed, the absence
of ﬂat-topped current-potential CVs, their sensitivity to change in the
potential scan rate, the starting potential of the bioelectrocatalysis
very close to the potential of the T1 site (Figs. 1B and 2), all are very
strong pieces of evidence for DET limiting bioelectrocatalysis.
Importantly, because of signiﬁcant DET limitation, the standard
biocatalytic rate constant of the adsorbed BOD is suggested to be
much higher than the calculated kDET, e.g. NN74 s−1, taking into
account the mechanism of enzyme function during DET-based
bioelectrocatalysis [39,40]. The turnover of BOD towards K4[Fe(CN)6]
in homogeneous catalysis was measured to be 380 s−1. Comparison of
two biocatalytic rate constants obtained in heterogeneous and
homogeneous assays (NN74 s−1 vs. 380 s−1, respectively) allows us to
conclude that BOD adsorbed on SPGE is at least quasi-native and
deﬁnitely catalytically active.
Here for the ﬁrst time we suggest an endergonic tunneling from
the T1 site to the T2/T3 cluster during the biocatalytic reduction of O2
by blue multicopper oxidases. It is widely held that many biological ET
chains contain an uphill ET step and oxidoreductases are built so
individual ET rates do not have to be optimized [41]. For example, at
the 13 Å distance (approximate distance between T1 and T2/T3 in all
blue multicopper oxidases [1]) with unremarkable values of other
factors affecting the ET rate, the tunneling rate can be as high as few
hundreds s−1 for a 0.3 eV endergonic step [41]. Interestingly, this value
coincides with the maximal reported turnover numbers of BODs
determined in homogeneous catalysis (ca. 400 s−1). Indeed, further
studies of BOD to understand the mechanism of enzyme function are
in the scope of our investigations.
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